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SoilThe geochemical behaviour of lanthanides and yttrium (Rare Earth Elements, REEs) has been investigatedmainly
in geological systems where these elements represent the best proxies of processes involving the occurrence of
an interface between different media. This behaviour is assessed according to features recorded in sequences of
REE concentrations along the REE series normalised with respect to a reference material. In this study, the
geochemical behaviour of REE was investigated in different parts of Vitis vinifera specimens grown off-soil, on
soils of different nature and grafted onto several rootstocks in order to evaluate effects induced by these changes.
The results indicated that roots are the plant organs where REEs are preferentially concentrated, in particular
elements from Sm to Ho (middle REE, MREE) whereas Eu enrichments occur in aerial parts. The geochemical
behaviour of REE suggests that MREE enrichments in roots are due to preferential MREE interactions with
biological membranes or to surface complexationwith newly formed phosphates. Eu-positive anomalies suggest
that Eu3+ can form stable organic complexes in place of Ca2+ in several biological processes in xylem ﬂuids.
The possibility that Eu mobility in these ﬂuids can be enhanced by its reductive speciation as Eu2+ cannot be
ruled out.
The assessment of the geochemical behaviour of REE according to the theory of the Tetrad Effect carried out
conﬁrms that REEs coming from soil are scavenged onto root tissues ormineral surfaceswhereas their behaviour
in aerial parts of V. vinifera is driven by dissolved complexation.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Vitis vinifera is a plant cultivated since ancient times, and this is
related to the importance that this species has for people, both as food
and for cultural reasons. Products derived from V. vinifera are so widely
used that it is difﬁcult to identify cultures that do not use them
extensively. Therefore, recognition of the capacity of V. vinifera to
extract minor and trace components from the growth substrate, as
well as the fate of these elements during processes occurring in the
rhizosphere and their transport through the xylem towards the aerial+39 09123860835.
ghts reserved.parts of plants, represents an interesting research focus. Only a limited
number of studies have been carried out on this topic (Bavaresco,
1997; Bertoldi et al., 2011; Chopin et al., 2008; Ortiz-Villajos et al.,
2012; Rodushkin et al., 1999) and these studies were mainly focused
on the accumulation of toxic species in Vitis berries (Bertoldi et al.,
2013). Only a few case-studies have been carried out investigating
lanthanides and yttrium (namely Rare Earth Elements, REEs) distribu-
tions in V. vinifera (Bertoldi et al., 2009, 2011), but these data were not
treated according to an approach highlighting the geochemical
behaviour of these elements in the V. vinifera/soil system. On the
contrary, REE concentrations are simply discussed according to a
“classical” approach without any consideration of their particular
chemical behaviours during multiple processes occurring in biological
systems. This choice reduced the ability of studies carried out until
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growth ofV. vinifera that can be enhanced by the geochemical treatment
of REE data through the use of normalised REE concentrations and the
derivate characteristics as are detailed below.
This current research allows these limitations to be overcome through
a detailed analysis of REE distributions, studying the “geochemical
behaviour” of REE behaviour during the growth of V. vinifera with
both on-soil and off-soil procedures. Moreover, due to the sensitivity of
V. vinifera towards phylloxera, cultivated V. vinifera are usually inserted
onto different rootstock species, so that effects related to different
rootstocks on REE behaviour in different parts of Vitis have to be
evaluated during studies of REE behaviour in grapevines. REEs have
been studied due to their progressively increasing exploitation
in industrial practices, leading to their potential accumulation as
pollutants. Particularly in China, REEs have often been added as fertiliser
during agricultural activities to increase the growth rates of several
vegetal species, which stimulate the production of secondarymetabolites
in several plants (d'Aquino et al., 2009; Hu et al., 2004; Liang et al., 2005;
Xin et al., 2013), whereas their afﬁnity for phosphates can lead to their
enrichment in fertilisers worldwide.
Furthermore, REE's characteristics allow them to represent probably
the best geochemical tracer of processes involving the occurrence of an
interface betweenmediawithdifferent chemical–physical characteristics.
This aspect makes REE the best choice to investigate processes occurring
to trace elements during their migration from soil to plant and its fruits
(Liang et al., 2008; Tyler, 2004).
Although interface studies related to REE behaviour have focused on
rock/water interactions (Bau and Dulski, 1996; Michard et al., 1989;
Möller and Giese, 1997; Möller et al., 2003 and references therein),
these have recently been extended towards biological systems, bioﬁlms
and bacterial colonies (Davranche et al., 2004, 2005, 2008, Takahashi
et al., 2002, 2005, 2007). The binding between biological surfaces and
dissolved REE occurs through O-donor groups that join into the REE
coordination sphere forming surface complexes. Elements along the
REE series are differently involved in this process depending on
the involved binding groups on the biological surface and the physical–
chemical conditions occurring in the system (Takahashi et al., 2010).
Recently, Takahashi et al. (2010) showed that the REE complexation
onto biological surfaces occurs by means of carboxylate and/or
polyphosphate binding groups. The former ligands show larger afﬁnity
towards heavier REE, from Ho to Lu (HREE) whereas the latter O-donor
groups preferentially fractionate middle REE, from Sm to Dy (MREE).
However, the REE behaviour represents a suitable geochemical proxy of
interface processes even if biological substrata are involved (Moriwaki
et al., 2013). TheREEbehaviour in theV. vinifera/soil systemcan represent
a very promising application of the analysis of distributions of these
elements among different media, from the inorganic soil interface to the
coexisting ﬂuid phase and hence to the biological medium in the plant.
2. Geochemical characters of REE
Lanthanides are a group of 14 elements from 58Ce to 71Lu produced
by progressive ﬁlling of the 4f orbital. Their chemical characters are a
consequence of two main aspects:
• Since 4f electrons occupy an inner position closer to the nucleus, ele-
ments from 58Ce to 71Lu have the same outer electronic conﬁguration,
corresponding to [Xe]6s25d1 (Shannon, 1976). 4f electrons are not
involved in chemical bonds. 57La is also associated with lanthanides
having the same external electronic conﬁguration.
• The progressive decrease of ionic dimensions caused by the poor
shielding of the 4f electrons (lanthanide contractions) produces slight
changes of the S3+/r ratio that inﬂuence lanthanide reactivity,
especially in aqueous systems. Yttrium is also usually associated
with lanthanides having the same 3+ ionic charge and radius
intermediate between Ho and Er (Shannon, 1976).Lanthanides, La and Y are usually associated to form the Rare Earths'
group (REE). REEs have a typical 3+ oxidative state. Only Ce and Eu can
occur as Ce4+ and Eu2+ under selected environmental oxidising or
reducing conditions, respectively.
From a geochemical point of view, REEs behave similarly but not
identically during CHarge and RAdius Controlled natural processes
(CHARAC) such as those allowing magma crystallisations (Bau, 1996).
The limited observed differences are related to the wide range of REE
coordination numbers ranging from 6 to 12 leading to their different
“geochemical compatibility” towards crystal lattices ofminerals. Similar
slight differences among REEs also remain during aqueous reactions
such as dissolved or surface complexation (adsorption). These differences
are more evident between Y and Ho and allow their decoupling due to
the different electronic conﬁgurations. The different REE behaviours
between CHARAC and non-CHARAC (aqueous) processes and then
between crystalline solids and aqueous ﬂuids (Bau, 1996) make REE
probably among the best geochemical tracers for studying solid/liquid
interfaces.
Since in both aqueous systems and during crystallisation processes,
the characteristics of REE change continuously with ionic radius along
the series, the geochemical behaviour of REE can be evidenced through
the shape of the sequence of REE normalised concentrations assessed
by:
REEi½ n ¼
REEi½ sample
REEi½ reference
ð1Þ
(Taylor and McLennan, 1988) where the subscript “n” refers to the
normalised concentration of a given sample with respect to a material
taken as reference. By studying enrichments or depletions of single
elements along the series, usually named “anomalies”, the evaluation
of “geochemical behaviour” of REE is carried out. These anomalies can
be assessed according to the equation:
REE½ i
REE½ i
¼ 2 REE½ i
REE½ iþ1 REE½ i−1
  ð2Þ
where the subscript “i” indicates every element along the REE series
whereas “(i − 1)” and “(i + 1)” are its immediate neighbour before
and after within the series (Alibo and Nozaki, 1999). Features of
normalised-REE patterns can also be evaluated considering enrichments
or depletions of groups of REE subdivided into light REE, from La to Sm
(LREE), middle REE, from Eu to Dy or Ho (MREE) and heavier REE, from
Ho or Er and Lu (HREE) according to their atomic weight. Moreover, the
sequence of the distribution coefﬁcient values (Kd), calculated as reported
in Eq. (3), between REE concentrations is measured in two interfaced
substances, 1 and 2:
Kd ¼
REE½ 1
REE½ 2
ð3Þ
and can be split into four different intervals, La–Nd, Pm–Gd, Gd–Ho and
Er–Lu, called tetrads. They are referred to as the ﬁrst (t1), second (t2),
third (t3) and fourth tetrads (t4), respectively. Peppard et al. (1969)
suggested that this effect (thereafter called the “Tetrad Effect”) could
be related to the progressive ﬁlling of the 4f orbital. The shape of tetrad
effects has been deﬁned as W-type or M-type if the splitting produces
upward convex or downward convex features, respectively. Similar
features have also been observed during several geochemical and biogeo-
chemical processes (Bau, 1999; Irber, 1999; Kawabe, 1992; Masuda and
Ikeuchi, 1979; Masuda et al., 1987; Monecke et al., 2002) and their
occurrences were attributed to REE complexation with an inner-sphere
mechanism either in a dissolved pool or onto surfaces. This suggestion
makes the amplitude of tetrad effects a geochemical proxy to discrimi-
nate between strong, inner-sphere coordination bonds and simple
adsorption or outer-sphere coordination processes. The amplitudes of
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Fig. 1. Shale-normalised REE patterns of investigated soils and extracted fractions com-
pared with features of stability constants for REE–DTPA complexes (Byrne and Li, 1995).
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fourth tetrads:
t3 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Tb½ n  Dy½ n
Gd½ n  Ho½ n
s
t4 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Tm½ n  Yb½ n
Er½ n  Lu½ n
s ð4Þ
and can represent tetrad curvatures due to the splitting of normalised-
REE patterns (Irber, 1999). This curvature is signiﬁcant if ti b 0.95 and
ti N 1.05, leading to W- or M-type tetrad effects, respectively.
3. Materials and methods
3.1. Soils
REE distributions in the V. vinifera/soil system were investigated
taking into account soils coming from different parent rocks in order
to evaluate effects related to the mineralogical composition of
substrates that represent the source of nutrients and trace elements
for the plant. Three different soils from volcanic and sedimentary parentmaterials were considered. These soils were collected near Viagrande,
close to Catania, (ET-1 soil) on the slope of Mt. Etna (37°37′19.77″ N–
15°5′41.69″ E, 1200 m sea level), in the San Giuseppe Iato area, (PA-1
soil) close to Palermo (37°59′2.54″N–13°11′44.13″ E, 610 m sea level)
and in the coastal plain of Palermo (38°06′23.14″N–13°20′57.60″ E,
145 m sea level) (PA-2 soil). ET-1 is a soil formed from basaltic parent
materials, PA-1 soil has a carbonatic-marly-clay precursor and PA-2 is
formed from a calcarenitic parent rock.
With each investigated soil, a selective extraction of the bio-
available fraction (hereafter deﬁned labile fraction) was carried out by
treatment with DTPA at pH 5 (Ehlers and Luthy, 2003; Ehlken and
Kirchner, 2002; Feng et al., 2005) to simulate as accurately as possible
the natural capability of the grapevine rhizosphere to extract REE from
the soil. Other than this labile fraction, a pseudo total soil HNO3 and
H2O2 soluble fraction was also analysed and is hereafter deﬁned as the
whole fraction in order to evaluate the REE contents in carbonates,
sulphates, oxides and less labile phases but to avoid REE release from
silicates. This selection allowed us to evaluate howmanymore resistant
minerals could be involved in REE delivery to V. vinifera.
The whole soil fraction was obtained by dissolving 250 mg of the
previously dried soil with 3 ml of ultrapure HNO3 (65% v/v) and
1.5 ml of ultrapure H2O2 (30% v/v) in a PFA™ vessel in a mineralising
MicroWave-assisted oven (MARS 5 Xpress™, CEM Corporation). The
obtained solution was ﬁltered and brought to 10 ml. Before the
analyses, the solution was further diluted 100 times. Each sample was
determined in triplicate. The labile fraction was extracted by reacting
10 g of previously dried soil using 20 ml of 5 mM DTPA solution at
pH 5. The obtained suspension was stirred for 24 h at 25 °C, ﬁltered
with Millipore™ membranes (0.45-μm membrane ﬁlter) and diluted
50 times prior to the analyses. This procedure was also repeated three
times.
3.2. V. vinifera
Due to the sensitivity of V. vinifera towards the phylloxera contagion
infesting their root system, V. vinifera growth usually results from
grafting a speciﬁc cultivar onto a rootstock. Therefore, three different
rootstocks were selected in order to investigate the biogeochemical
behaviour of REE during the growth of V. vinifera. The selected items
were chosen among those more widely exploited in Sicily as a conse-
quence of their adaptability to climatic conditions occurring there.
These rootstocks are hybrids produced from American varieties Vitis
rupestris, Vitis riparia and Vitis berlandieri, known as 1103 Paulsen, 779
Paulsen and 140 Ruggeri, respectively. Each rootstock was planted on
all three selected soils in the greenhouse of the Agricultural and Forest
Sciences (SAF) Department (University of Palermo) in order to recognise
joint effects of rootstocks and soils on the biogeochemical behaviour of
REE. The 1103 Paulsen was driven onto an artiﬁcial substrate formed by
silicate gravel and peat in order to investigate what changes could be
induced in the biogeochemical behaviour of REE if these elements were
mainly released from the organic fraction of the substrate, considering
that the gravel was not involved in REE leaching.
The relationship occurring betweenREE chemistry in soil and berries
was investigated by Moscato d'Asti and Sauvignon blanc berries driven
onto the investigated soils, the rootstock fructiﬁcations being only
minimally signiﬁcant without any graft.
Digestions of vegetal tissues were carried out after the separation of
different plant organs by cutting. Each plant portion was washed,
weighed (±0.0001 g), dried at 105 °C to attain a constant weight,
ground in an agate mortar, completely homogenised and stored in a
PE vessel. Then, 250 mgof each samplewas put in a Teﬂon PFA™ vessel,
4.5 ml of 2:1 v/v mixture of HNO3 (65% w/w):H2O2 (30% w/w) was
added, the container sealed and put in the microwave-assisted oven.
Analyses were carried out in a quadrupole ICP-MS (Agilent 7500
mass spectrometer). Extensive evaluations of spectral and isobaric
interferences in REE determinations were carried out according to
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Fig. 2. Shale-normalised REE patterns measured in root and aerial parts of plants growing under off-soil conditions during different growing stages (F1–F5).
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the procedures were evaluated by analysing a INCT-OBTL-5 standard
reference material (tobacco leaves from the Poland Institute of Nuclear
Chemistry and Technology, see Samczynski et al., 2012). The larger
percentage error with respect to certiﬁed REE concentrations is found
during the Ce determination (−10.1%) whereas less error occurs for
Er analyses (1.2%). The largest percentage error is made in Lu determi-
nations but the reported values are only suggested (Samczynski et al.,
2012) and analysed mean Lu contents in measured standard tobacco
leaves fall inside the range of the reported intercalibration standard
analyses. All the analyses of standard reference material are reported
in Supplementary information 1.
4. Results
4.1. Soils
REE distributions in the investigated soils are reported in Supplemen-
tary information 2. REE contents in the whole fraction ranged from
1239.94 to 1486.55 μmol l−1 in PA-2 and PA-1 soils, respectively. These
results suggest a larger REE delivery from arenaceous and marly parentmaterials of PA-1 soil with respect to calcarenitic parent materials of
PA-2 soil. REE contents from the labile fractions ranged from 117.65 to
415.43 μmol l−1 in PA-2 and PA-1 soils, giving us the indication of a
REE richer labile fraction in PA-2 soil, probably associated with Mn–Fe
oxyhydroxides and carbonates, with respect to calcarenitic PA-1 soil
where only carbonates occur. Analogous evidence from the labile
fractions indicated that its incidence in whole soil is rather different
among the investigated soils, varying from 9% to 27% in the PA-2 and
PA-1 soils, respectively. REE patterns were calculated by normalising
the measured concentrations to Post Archean Australian Shale (PAAS)
as a reference (Taylor and McLennan, 1995). Their features are reported
in Fig. 1. REE patterns in labile soil fractions are characterised by a
progressive decrease in shale-normalised REE concentrations along the
series, by Ce anomalies, positive in PA-2 and negative in ET-1 soils, and
by MREE enrichment centred on Eu or Gd in PA-1.
By contrast, whole soil fractions showed very different features.
Sedimentary PA soils are similar, with REE distributions symmetrical
along the series, with MREE enriched with respect to LREE and HREE.
On the other hand, ET-1 soil showed similar features to PA soils from
La to Eu and a normalised REE path decreasing fromGd to Lu. The larger
LREE partitioning in ET-1 is consistent with the more incompatible
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intraplate basic magmatic products such as those associated with the
Mt. Etna volcanism (Busà et al. 2002; Viccaro et al., 2006) and can be
observed both in the labile and whole fractions. By contrast, the MREE
fractionation in PA soils could be related to their larger Fe-oxyhydroxide
and carbonate contents (Bau, 1999; Haley et al., 2004).
Comparing the REE patterns of labile fractions with the sequence of
stability constants for REE–DTPA complexes βDTPA(REE) (Fig. 1), the observed
differences suggest that REE contents in labile fractions are related to
dissolution of the Fe-oxyhydroxide component rather than related to
the REE fractionation induced by DTPA complexation.
The Y/Homolar ratio valueswere superchondritic (Y/Ho(molar) N 52)
in PA soils and chondritic in ET-1 soil, especially in labile soil fractions
(Supplementary material 2). This evidence is consistent with the larger
Lewis acid softness of yttriumwith respect to Ho (Cotton, 2006) leading
to its larger mobility during interactions between soil and the
rhizosphere. Higher Y/Ho values recognised in the labile soil fraction
also agree with Y removal from the surface of clay minerals where it is
preferentially retained with respect to Ho (Takahashi et al., 2004).
4.2. Plants
4.2.1. Off-soil growth
The off-soil development of V. vinifera plants (Moscato d'Asti variety
grafted onto 1103 P rootstock) was considered during ﬁve growthstages followed for about 50 days. As reported in Supplementary
information 3, the obtained values show that roots preferentially
concentrate the largest REE contents, especially in ﬁne roots during
the ﬁrst stage. Following this, REE contents in roots progressively
decrease, suggesting trace element migration towards the aerial portions
of the plants. This trend is especially enhanced during the third stage.
During these stages, the Y/Ho (molar) ratio changes from values slightly
higher than the “crustal” signature (close to 52; Bau, 1996) towards
lower values from the roots to aerial portions, suggesting that Ho is pref-
erentiallymobilisedwith respect to Y during physiological processes. This
evidence is in agreement with the progressive increasing stability of sev-
eral organic-REE complexes along the series (Schijf and Byrne, 2001).
Shale-normalised REE patterns of these plants are characterised by
LREE enrichments in root samples, especially in the ﬁnest parts, whereas
the aerial parts show MREE and HREE enrichments (Fig. 2). These fea-
tures are consistent with the above-mentioned behaviour of the Y/Ho
ratio and corroborate the hypothesis of increasing REE mobility with
atomic number, characteristic of several organic-REE complexes (Sonke
and Salters, 2006; Yamamoto et al., 2010). In these samples, a progressive
growth in the Eu anomaly is observed, ranging from Eu/Eu* b 1 in roots
to Eu/Eu* ≥ 2 in aerial parts. This evidence suggests that Eu is preferen-
tiallymobilised from roots to aerial parts and is bound in biological tissues
therein, probably as a consequence of its similarity with respect to Ca2+
and a related involvement in biological processes (Yang and Sachs,
1989). Different features observed among REE patterns during the early
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partitioning with respect to MREE continues to grow in the aerial parts.
Ce anomalies were not found during these experiments, suggesting
that Ce occurs as Ce3+ during metabolic processes in V. vinifera or that
the organic complexes, which usually depress amplitudes of Ce anoma-
ly, drive the REE speciation in plant ﬂuids (Davranche et al., 2008)
(Fig. 3).
4.2.2. On-soil growth
REE distributions in samples from grapevines grown on soil are
reported in Supplementary information 4. Investigated samples arereported as leaves, roots (with different dimensions) and shoots. Samples
are identiﬁed according to the three investigated rootstocks and growth
stage achieved (being only rootstocks, only three different stages are
considered). The 779 P and 140 RU rootstocks show higher REE contents
than 1103 P, mainly in roots of plants growing on ET-1 and PA-2 soils. If
rootstocks were grown on PA-1 soil this trend did not continue. This
phenomenon suggests a possible rootstock effect on REE extraction
from the labile soil fraction into the plant and could justify the different
behaviours of root systems of selected rootstocks, especially during the
early growth of the grapevine. Under this hypothesis, 779 P and 140 RU
would enable a larger REE extraction from soils with higher REE contents
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blanc and Moscato d'Asti berries grafted onto 1103 were slightly
lower than those found in other aerial plant parts (ranging from 8 to
46 μg kg−1), by about one order of magnitude with respect to leaves
and about two-fold lower with respect to shoots.
Shale-normalised patterns were enriched in MREE and showed
higher REE contents in roots, whereas both shoots and leaves showed
Eu-positive anomalies (Fig. 4). These characteristics were not related
to rootstocks and growth stages, and the recognition of positive La
anomalies was related to the change in the substrate (Fig. 4). Both
MREE enrichments and positive Eu anomalies in roots and aerial plant
parts were not seen in plants grown off-soil. Therefore, these should
represent effects related to interactions between V. vinifera and soils.
Shale-normalised REE patterns recognised in Sauvignon blanc and
Moscato d'Asti berries show similar shapes of those found in other aerial
plant parts, always being characterised by signiﬁcant positive Eu anom-
alies growing in patterns with LREE/HREE fractionations (Fig. 5).
5. Discussion
5.1. Plant/soil relationships: roots
In order to recognise whether a relationship exists between REE
contents in plants and fractions extracted from soils, the distribution
coefﬁcients (Kd) for different REEs were calculated with respect to
both whole and labile soil fractions. Obtained Kd values are about
three orders of magnitude larger in roots with respect to aerial portions
(Fig. 6). The sequences of Kd values were quite similar for different
employed rootstocks and soils. These are characterised by Ce-negative
anomalies and ﬂat features along the REE series if calculated with
respect to labile soil fractions. In aerial parts of investigated plants,
positive Eu anomalies were always recorded (Fig. 6).
Sequences of Kd values along the REE series show signiﬁcant tetrad
effects in the third and fourth tetrads (Gd–Ho and Er–Lu, respectively).
Their amplitudes are larger during the second and third growth stages
(F2 and F3, respectively) where M-type tetrad effects are recognised
in roots, whereas W-type tetrad effects are found in shoots and leaves,
especially for Kd values calculated with respect to the labile soil fraction
(Fig. 7). In the aerial plant organs, signiﬁcant tetrad effects mainly occur
during the ﬁrst and third stages (W-Type TE if ti ≤ 0.95; M-type TE
if ti ≥ 1.05; not signiﬁcant tetrad effects if 0.95 b ti b 1.05) and are
apparently not inﬂuenced by rootstock and soil types (Fig. 7).
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indicated thatW-type tetrad effects imply that REEs have been released
from a coexisting solid and are in dissolved form. In our samples, similar
featureswere associatedwith negative Ce anomalies (Ce/Ce* b 1) in the
aerial parts of investigated plants (Fig. 8), suggesting an oxidative Ce
scavenging as insoluble CeO2 that is therefore subtracted from the
dissolved pool (Bau and Koschinsky, 2009 and references therein). In
contrast, the desultory recognition of M-type tetrad effects is limited
to roots and associated with positive Ce anomalies therein (Fig. 8),
suggesting that authigenic solids are deposed in the roots and the
surfaces of these solids interact with dissolved REE allowing their
surface complexation. Similar evidence has been shown in wheat
roots (Ding et al., 2005, 2007; LimaE Cunha et al., 2012). The amplitudes
of tetrad effects imply that both REE dissolved complexation in aerial
parts and surface complexation onto authigenic solids in roots occur
with an inner-sphere mechanism that can allow the observed t3 and t4
values (Bau, 1999; Kawabe, 1992; Masuda and Ikeuchi, 1979; Masuda
et al., 1987; Monecke et al., 2002). Ding et al. (2006) suggested that
phosphate deposition in wheat roots is responsible for M-type tetrad
effects, whose amplitudes grow during plant growth similar to those
in grapevines.
LREE partitioning observed in REE patterns in roots (Fig. 4) is a
typical feature of several plants (Brioschi et al., 2012) and can beexplained with the well-known reduced mobility of lighter REEs that
are more surface-reactive than MREE and HREE (Byrne and Sholkovitz,
1996). At the same time, MREE accumulation in the ﬁnest roots agrees
with the preferential accumulation of elements from Sm to Ho in the
outer membranes during the early stages of cell growth (Dong et al.,
2009; Gao et al., 2003). This process could be consistent with phosphate
crystallisations in plants invoked by Tyler (2004) and Ding et al. (2005),
since these compounds are usually enriched in MREE (Hannigan and
Sholkovitz, 2001). In any case, the observed REE depletion in aerial
parts of the grapevines and the REE fractionations in their roots is
suggestive of a large-scale REE fractionation that could be an effect of
REE interactionswith biologicalmembranes, as the Casparian strip occur-
ring in the youngest roots, which can induce a geochemical decoupling of
the element pair usually characterised by similar geochemical behaviour
(Sparks et al., 2011).
5.2. Aerial portions
As previously mentioned, the REE migration from roots to the aerial
portions in the studied plants involves REE depletions, positive Eu
anomalies and associated W-type Tetrad Effects in aerial parts. Due to
the presence of REE in the dissolved phase (Masuda et al., 1987), this
evidence is suggestive of REE release from root tissues to the plantﬂuids
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605P. Censi et al. / Science of the Total Environment 473–474 (2014) 597–608where Eu is preferentially complexed in xylem ﬂuids. Ding et al. (2006)
reported similar Eu anomalies in wheat leaves and explained them via
an Eu-enriched phosphate crystallisation in several plant organs. How-
ever, this hypothesis does not seem convincing due to the lack of
knowledge about these Eu-rich phosphates (Brioschi et al., 2012). On
the contrary, the strong similarity between Ca2+ and Eu3+ makes it
seemmore reasonable that a Eu–Ca substitution can be induced duringphysiological processes occurring under favourable Eu/Ca ratios in
substrata (Zeng et al., 2003). Observed positive Eu anomalies also
align with the greater stability of organic-REE complexes with respect
to Ca complexes (Sastri et al., 2003), which can be explained by the
stronger Eu3+ bond with proteins with respect to Ca2+ (Kruk et al.,
2003). Evidences of promotion of biological activities played by Eu3+
are reported in Lathyrus sativus L. roots (Tian et al., 2003). Here, Eu3+
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
10-3
10-1
10-5
10-3
10-1
10-5
10-3
10-1
10-5
PA-1
PA-2
ET-1
K
d 
(la
bil
e f
rac
tio
n)
Fig. 9. Distribution coefﬁcients of REE in the investigated grapevines on different soils.
Open symbol: Moscato; Full symbol: Sauvignon blanc.
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and transport of metals by binding proteins. In hydrothermal systems,
Eu2+ has a lower afﬁnity for sorption and its mobility is higher than
Eu3+ and relative to its REE neighbours (Bau, 1991; Bau and Moller,
1992). Therefore, the possibility that observed positive Eu anomalies
resulted from increased Eu mobility in the reduced Eu2+ form cannot
be ruled out. Furthermore, positive Eu anomalies can result in enhanced
Eu mobility and this process is related to the increasing nutrient
transportation during metabolic processes in plants (Tian et al., 2003),
which is corroborated by the recognition of positive Eu anomalies in
the sap of xylem from several plants. This evidence suggests that a
unique mechanism is responsible for transporting nutrients as well as
trace elements and REE (Brioschi et al., 2012). This hypothesis agrees
with the absence of Ce-positive anomalies in the studied samples,
characteristic of REE migration as dissolved complexes rather than as
a colloidal pool (Steinmann and Stille, 2008).
The role played during REE exploitation in agricultural practices
carried out in China is justiﬁed by the capability of these elements to
favour somemetabolic processes leading to increases in plant productiv-
ity, bymodifying, for example, stomatal openings and regulating transpi-
ration and water depletion through plant leaves (Schroeder et al., 2001).
Recent studies offer evidence for the ability of Eu3+ to intervene on the
outward K+ channels of Vicia guard cells and consequently regulating
the cell water contents (Xue and Yang, 2009).
Similar binding sites have been demonstrated as powerful ligands
favouringREEmigrations in awide rangeof physical–chemical conditions
(Loges et al., 2012; Sonke and Salters, 2006; Xiong, 2011). Cations
involved in migration processes through the xylem of grapevines are
complexed with organic acids by means of polar bindings (Taiz and
Zeiger, 2006) occurring between O-donor groups and REE3+, as demon-
strated during hydroponic growth (Ding et al., 2006), mainly carboxyl or
phosphate groups (Takahashi et al., 2010). According to Takahashi et al.
(2010), REE binding through phosphate groups involves preferential
HREE enrichment in the organic fraction and is preferred under low REE
contents. In contrast, MREEs are enriched in organic compounds when
higher REE concentrations occur and these elements are bound through
carboxyl groups.
The behaviour of REE in berries (Fig. 5) is consistent with the few
data about trace element distributions in these materials, resulting in
REE being less concentrated in berries with respect to other aerial
parts of grapevines (Bertoldi et al., 2009, 2011; Tyler, 2004). On
the other hand, REE fractionations are different in berries, with LREE
preferentially enriched with respect to other REEs. Kd values calculated
for berries are inﬂuenced by their studied variety, suggesting that some
elemental fractionation can be induced by speciﬁc characteristics of the
considered berries (Fig. 9). Only positive Eu anomalies remain to testify
to a greater Eu mobility in plant ﬂuids with respect to other REE. The
preferential partitioning of MREE and Eu in berries and in the aerial
portions of grapevines and the progressive LREE depletion from roots
to berries strongly agrees with the REE behaviour in the presence of
bacterial membranes, where MREEs are preferentially retained if the
binding occurs through carboxyl O-donor groups (Takahashi et al.,
2007, 2010).
6. Conclusions
The geochemical behaviour of REE in the V. vinifera/soil system is
enhanced by features of the Kd values along the element series calculated
from roots and aerial portions with respect to the bioavailable soil frac-
tion. Kd values of LREE are slightly higher for LREE with respect to HREE
in shoots, leaves and berries, and positive Eu anomalies are also found
in the aerial portions. These features are consistent with preferential Eu
complexation with respect to its neighbours via the same mechanism
allowing Ca2+ mobilisation in xylem ﬂuids, as indicated by comparing
REE features in plants growing on-soil versus out-of-soil. Results shown
in this research and those reported in other studies cannot give clearjustiﬁcations of the enhanced Eu mobility with respect to its REE
neighbours. Therefore, the observed Eu-positive anomalies could be relat-
ed to the Ca–Eu3+ substitution during metabolic processes and its trans-
portation in binding proteins or they could result from an enhanced Eu
mobility induced by Eu3+ reduction to Eu2+.
Negative Ce anomalies were observed both in roots and in aerial
portions, which is in agreementwith a reducedmobility of this element
with respect to other LREE. Evidence of tetrad effects with W-type and
M-type features in aerial portions and roots, respectively, corroborate
suggestions that REE behaviour in aerial portions of V. vinifera is mainly
partitioned in the dissolved phase, whereas these elements are prefer-
entially scavenged in authigenic solids formed in roots. On the other
hand, the possibility that M-type tetrad effects can be induced by
interactions between REE and the Casparian strip in roots cannot be
ruled out.
Although the shape of the Kd paths is similar for different considered
soils and grapevine varieties (i.e. positive Eu anomalies and HREE/LREE
fractionations) some difference characteristics of soils and grapevine
varieties can be recognised. This evidence suggests that REE distribu-
tions in V. vinifera evaluated according to an approach borrowed from
geochemistry can provide suitable parameters allowing differentiation
of berries coming from different substrates, and suggest that these pa-
rameters can help trace the origin of products derived from grapevines.
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